ABSTRACT
INTRODUCTION
The catabolite activator protein (CAP or cAMP receptor protein, CRP) is a dimeric molecule composed of two subunits of identical amino acid sequence, both of which bind cAMP (1) . The crystal structure of CAP shows that the two subunits have similar but not identical structures (2) (3) (4) (5) . The protein contains a helix-turnhelix recognition motif common to many proteins that bind DNA (2, (6) (7) (8) (9) (10) (11) . The consensus binding site for CAP consists of two symmetrically related 5-nucleotide sequences separated by 6 base pairs. In the lac operon, CAP binds to a sequence centered 61 base pairs upstream of the transcription start site and induces a large DNA bend (12 -17) . In addition to the consensus sequence, the binding site contains distal binding domains which contribute to the full protein binding affinity, increase the binding site size to at least 30 base pairs, and provide additional loci for DNA bending (15, 16) . Interactions with these distal binding domains are thought to be electrostatic and non-specific (16, 18) .
The properties of several protein-DNA complexes support the idea that sequence-dependent DNA elasticity modulates the binding affinity of the protein; a reduction in elasticity should result in weakening of the non-specific DNA-protein contacts. Sequence-dependent migration of protein-DNA complexes in nondenaturing polyacrylamide gel electrophoresis indicates that some binding sites bend more easily than others (16) . In this study, we examined the quantitative influence of sequence-dependent flexibility on CAP DNA-binding affinity. The relative binding constants of 55 lac promoter CAP binding site mutants were measured and compared to the wild type binding site. The results were examined for correlation with the extent of induced DNA bending measured by gel electrophoresis on the same set of mutants. The data were analyzed with respect to the nature of the oligonucleotide subunit (eg. mononucleotide, dinucleotide, etc.) which can be considered to provide independent additive contributions to the modulation of binding affinity.
The resolution of protein-DNA complexes from free DNA enables the rapid and accurate determination of relative binding constants. When a mixture of mutant and wild-type DNAs (211 base pairs and 129 base pairs long, respectively) compete for a limiting amount of protein and are run in non-denaturing gel electrophoresis, four bands are clearly visible, corresponding to the protein-bound and unbound fraction of each DNA fragment. The radioactivity of each band was measured by beta scanning of the gel, and the ratio, K^, of mutant binding constants relative to the wild type was calculated.
Our results show that the sequence-dependence of DNA bending (16) is accompanied by a significant and correlated variation in binding affinity, and that a dinucleotide model accounts accurately for the elasticity and binding affinity of the different sequences; a mononucleotide model accounts inadequately for the data. We show that modulations in nonconsensus binding site sequences can have as much as a 50-fold effect on protein binding affinity.
MATERIALS AND METHODS

DNA fragments
Wild type and mutant lac promoter fragments (211 base pairs long) were isolated from the pGEM parental plasmid by EcoR 1 digestion, labelled with a-32 P dATP (Amersham) and Klenow fragment (New England Biolabs). Further cleavage of the wild type sequence with Mspl (New England Biolabs) yielded a 129-base pair wild type CAP binding site. All molecules were purified by gel electrophoresis.
Retardation assay CAP-DNA complexes were formed in 20 /tl reactions containing mutant and wild type DNAs simultaneously with 100 pM cAMP (Sigma) and 80 mM NaCl in TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). The concentration of CAP was limiting over the titration range (the CAP stock solution was 0.9 mg/ml in 50 mM potassium phosphate buffer, pH 7.4, 500 mM KC1, lmM DTT, 0.2 mM EDTA, 5% glycerol; CAP dilutions ranged from 1.8xl0~3 to 7.5 X10" 5 mg/ml). Reactions were incubated for 10 minutes at room temperature and loaded unto a native 10% polyacrylamide gel (75:1 acrylamide:bis) and subjected to electrophoresis in 0.5XTBE buffer (45mM Tris-HCl, 45mM Boric acid, lmM EDTA, pH 8.3) and 20 /*M cAMP at 400 volts for 1.5 hr in a constant temperature gel box (Biorad) at 25°C. The protein-DNA complexes were resolved from each other and from free DNA (see Fig. 2 ). The radioactivity in each band was quantitated by direct detection with a Betascope 603 Blot Analyzer (Betagen), which produces a two-dimensional scan of counts versus position in the gels, enabling determination of the relative amounts of the two free DNAs and their complexes. This approach substantially improves data collection efficiency and accuracy over autoradiographic methods.
Data analysis
The relative binding affinities were calculated by the formula rel ~Ku (1) where K^ is the ratio of protein-bound mutant fragment divided by free mutant DNA, and K^ is the same ratio for the wild type.
Any observable property can be expressed as a function of independent variables in a multi-variable equation. We take the relative binding constant K^ as the macroscopic property characteristic of each member of a group of sequences; the observed K,^ of each mutant was expressed by a linear equation of the following form:
I k V k V k where V k is the contribution of subunit k (defined to be a mononucleotide, dinucleotide, etc.) of a given composition and position in the sequence, and I k = 1 is an index reflecting its occurrence in the sequence; I k = 0 when the subunit k is absent from the sequence. Because each sequence can be described by such an equation, a large enough sample of mutants yields more independent equations than unknowns. Linear least squares analysis can be used to obtain values for the vector elements V k which best correlate the sequences to the experimentally measured Kre). The quality of the fit reflects the appropriateness of that particular subunit model. If the experimental data are not well fit, models involving higher order units of structure must be invoked. If the model is successful, it can be used to predict the property of other DNAs based on their sequence. We used the REG regression programs of the SAS statistical analysis package (licensed to Yale Computer Center) for the least squares analysis.
Because dinucleotides overlap, the sequence present at position n constrains the possible dinucleotides at n + 1. The resulting constraint equations reduce the number of independent variables, leaving a set which is smaller than the number of dinucleotides. As a consequence, it is impossible to extract the relevant binding contributions of dinucleotides directly from the V k values that emerge from the least squares analysis. However, since an approximate ranking of these contributions was a goal of this investigation, we followed the approach taken earlier (16, 19) , and averaged the contribution of a particular dinucleotide XY at position n over the sequence context provided by the flanking nucleotides w and z. Specifically, the dinucleotide parameters derived from the linear least squares regression were used to calculate affinities K,^'of the set of mutants with variable w and z, and the average contribution /3 n (XY) of dinucleotide XY was calculated from the equation
where m is the number of calculated binding affinities contributing to this average. This averaging procedure estimates the influence of an internal dinucleotide XpY at a fixed position on the total binding affinity of the DNA molecule. Note that /3 increases as binding strength decreases, a convention adopted to facilitate comparison with the earlier data for electrophoretic mobility contributions \i, for which /t increases as bending decreases (16) . Due to the limited size of our data set and to the quality of the fit of the dinucleotide model, we did not investigate higher order structure models (trinucleotide, tetranucleotide, etc.).
RESULTS
The CAP binding sequence in the lac operon is displayed in Fig Fig. 1 . DNA sequences used to explore sequence dependence at the CAP site, a) The wild-type sequence of the CAP binding site in the E. coli lac operon is shown. The numbers arc relative to the binding site pseudo-center of symmetry (indicated by heavy arrow). Bold face letters indicate nucleotides that are contained in the consensus sequence (TGTGA). Underlined nucleotides constitute the thermodynamic binding domain (15) . Since the protein binds to two sequential major grooves of the DNA, it is assumed that at positions -10 and +10, the minor groove is facing the protein, whereas at positions -15, +15. the major groove is facing the protein, b) and c) Sequences that were randomized independently to create the mutagenized binding constructs. Randomized nucleotides are shown in bold face. The Eco R1 fragment is 211 base pairs long.
dinucleotide position -11 and -12 (D mutants, Figure 1 ). These two series of mutants, A and D, account for the placement of every possible dinucleotide at every position spanning the bending locus one helical turn upstream of the pseudo-dyad axis of the CAP-DNA complex. Figure 2 shows a typical gel used for measurement of competitive binding between a 129 bp wild type DNA fragment and a 211 bp fragment containing a mutant binding site. When the wild type binding sequence is contained in both the shorter and the longer fragment, we found K re i = 1.00 ± .02. Table  1 shows the mutant sequences along with their relative mobilities and binding affinities. A plot of the negative logarithm of relative binding affinity (-In K rel ) versus relative electrophoretic mobility (p.) of the combined set of mutants is shown in Fig. 3 . The results suggest that the variation in mobility of DNA in the complex determined by Gartenberg and Crothers (16) is accompanied by a systematic variation in the relative binding affinity of CAP. Because the correlation of the two variables is not perfect, we believe that there are one or more other elements in addition to bendability which affect binding affinity. A tight complex may require not only the bending elasticity of DNA for a snug fit, but may also depend on factors such as helical repeat and other details of structure in the curved region, as discussed below.
Experimentally measured relative binding affinities for site A and D mutant complexes were plotted against relative binding constants that were predicted from the least squares derived parameters. Mononucleotide and dinucleotide models are compared in Fig. 4a and b ; the quality of the fit is reflected by r 2 , the fraction of the total sum of squares that is accounted for by the linear regression of In K^; for a perfect fit, r 2 = 1. The data are clearly described more accurately by the dinucleotide model than by the mononucleotide model. Because the fit provided by the former is comparable to experimental error, and because of the lack of sufficient additional data, trinucleotide or other higher order models were not examined. The results from the averaging procedure employed to rank the dinucleotide binding affinity contribution are shown in Table   CAP •From reference (16) . Comparison of the dinucleotide ranking based on j? and y. parameters. Each parameter 0 corresponds to the average binding affinity of sequences that contain that dinucleotide wedge at a specific position of the DNA molecule. (See equation (3)).
2 in the form of /S values. Relative binding affinity is increased when the position located one helical turn from the dyad axis of the complex is A-T rich, and decreased when this site is G-C rich. The relative binding affinity is increased when G-C rich sequences at this site are converted into A-T rich sequences, in some cases by as much as 50-fold. Furthermore, the mobility is decreased up to 30% with the same conversion. It is clear that CAP binding affinities follow the same general pattern as DNA elasticity: the best bending and binding dinucleotides are A-T rich, whereas the worst benders and binders are C-G rich sequences (16) . In summary, at the site examined, where the minor groove faces the protein, an A-T rich sequence generally favors maximal bending and binding. 
DISCUSSION
In order for a protein to bind selectively to DNA, it must recognize an ensemble of steric and chemical features which define its binding site. At least two aspects of DNA structure are important in determining specific interactions: direct protein contacts with individual functional groups within the base pairs, and total DNA conformation and flexibility, which together allow a tight fit between protein surface and DNA (20) . It is now known that DNA exhibits sequence-dependent conformational variation, and that a particular local configuration is necessary for productive DNA-protein interactions (21, 22) . DNA bending deformations are also crucial elements for the manipulation of DNA by enzymes in processes such as DNA replication and site specific recombination (23, 24) . It is the conformational variation of short sequences that enables DNA structure to accommodate the distortion associated with protein binding and bending of the DNA. Table 2 . The difference is calculated as rankOO -rank®.
A simple two-state model for the CAP-DNA complex can be used to illustrate the basis for coupling between DNA bendability and the measured affinity of the complex. Specifically, let there be two forms of the complex, one (bent) in which the DNA curves fully around the protein, thereby gaining the thermodynamic advantage of the distal electrostatic contacts that are thought to stabilize the interaction (18) , and another (linear), in which the DNA straightens out, recovering the energy that had been expended in bending but sacrificing the distal electrostatic contacts:
The thermodynamic balance between these two forms, described by the equilibrium constant K^^, depends on the energy required for DNA deformation, with those DNA sequences that resist bending having a larger contribution of the linear form, and hence a higher electrophoretic mobility. The higher energy of the bent form contributed by its resistance to deformation also makes binding less favorable. More realistic models would include multiple partially bent forms, but the argument that follows would be unaffected. We now show that simple assumptions about the thermodynamics of this model lead to prediction of full correlation between the average extent of bending and the binding affinity. The total binding constant K T for CAP reacting to form the mixture of the two complexes is the sum of the binding constants to the bent (K B ) and linear (KJ forms, respectively:
Let a be the average fraction of CAP-DNA complexes which are in the bent form. Then the average electrophoretic mobility
where n B and /x L are me mobilities of bent and linear forms, respectively. Substituting in equation (6), we can express the mobility in terms of the equilibrium constant for bending:
We now assume that K L is the same for all the mutants, an assumption we show below cannot be strictly correct; the relative binding constant K^ = K T (mut)/K-r{wt) becomes, from equation (5),
where Kben^mut) depends on the constant (favorable) free energy of the distal electrostatic interactions, and the sequencedependent (unfavorable) DNA deformation free energy associated with formation of the bent complex; K t , end (wt) is a constant characteristic of the wild type complex. Hence, since equations (8) and (9) show that K re , (and -In K^) and n are functions of the same variable K^,^, we conclude that the bending and binding properties must be fully correlated, assuming the model is correct. The key feature in the model that leads to this conclusion is the assumption that the binding constant K L is independent of DNA sequence. We note here in passing that equations (8) and (9) when combined predict not a linear but a sigmoidal relationship between relative mobility and -In K^. One expects /t^ to rise from a beginning value of ^^(wt) when K^ is very large (negative values of -In K^ in figure 3 ) to a limiting value of /x L //x(wt) when K^ is small (positive values of -In K^ in Figure 3) . Calculation of the sigmoidal curve requires estimates of K bend (wt) and the fractional change in mobility upon bending, (ML~MBVML> f°r which we have no independent estimates. However, a choice of illustrative values of 10 and 0.25 for these two parameters, respectively, produces a sigmoidal curve which passes satisfactorily through the scatter of the data points in figure  3 . Given the relatively weak correlation between n^ and -In K^, we have restricted our further consideration to a linear correlational analysis.
It is clear from Figure 3 that bending and binding are correlated, but the r 2 value of about 0.5 indicates that one or more other factors are important. Disruption of the correlation between n and -In K^ predicted from the simple model requires that DNA sequence changes affect the free energy of binding to the linear form, and do not solely affect K^^. For example, a change in the DNA helical repeat at the mutant locus could affect the structure of the linear complex and hence its binding constant, in addition to influencing ICt^. In such a circumstance, correlations between /t and -In K^ would be only approximate, as is observed. It should also be recognized that changes in the structure of the complex could conceivably introduce DNA writhe, which would complicate the relationship between gel mobility and bending.
Other structural factors may be more significant than the putative variations in DNA helical repeat in upsetting the bindingbending correlation. Table 3 lists the differences in rank position between the bending (16) and binding parameters. In most cases the numbers are small, averaging 2.4 in absolute value, supporting the conclusion that the binding and bending rank parameters are generally similar. The difference in binding and bending rank averaged over positions 10 and 11 is greatest for the complementary dinucleotides GA and TC; binding is relatively more favorable than bending for GA, with the opposite found for TC. This particular sequence, one of those for which a substantial tilt component was deduced from the bending parameters (16) , may perturb the helical structure at the bending locus in a way that affects the binding free energy to the linear, or, more generally, the less bent form of the complex.
Finally, we note a striking difference in the scale of variations in binding affinity of the CAP-DNA complex compared to that found for nucleosomes. The experiments of Shrader and Crothers (25) showed that the maximum observed sequence dependence of nucleosome binding affinity amounts to about 100 cal/mol per bend locus when GC and AT rich sequences are interchanged. The results in table 1 show variations in binding constant of more than a factor of 50 due to sequence changes at a single bend locus, corresponding to differences in binding free energy of about 2.5 kcal/mol, or 25 times larger than for nucleosomes. On the other hand the binding differences seem to have similar sequence rules, as can also be concluded from the experiments of Satchwell et al. (26) on nucleosomes, implying that the thermodynamic effects share a common origin in the sequence-dependence of anisotropic DNA flexibility. One of the principles in nucleosome design may be minimization of the sequence-dependence of DNA binding affinity that would otherwise arise from the anisotropic flexibility rules. It is currently unclear how such a damping influence might be accomplished in the core histone-DNA complex.
